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Abstract 10	  
Plants have the remarkable ability to establish new cell fates throughout their life cycle, by contrast 11	  
to most animals that define all cell lineages during embryogenesis. This ability is exemplified during 12	  
sexual reproduction in flowering plants where novel cell types are generated in floral tissues of the 13	  
adult plant during sporogenesis, gametogenesis, and embryogenesis. While the molecular and genetic 14	  
basis of cell specification during sexual reproduction is being studied for a long time, recent works 15	  
disclosed an unsuspected role of global chromatin organization and its dynamics. In this review we 16	  
describe the events of chromatin dynamics during the different phases of sexual reproduction and 17	  
discuss their possible significance particularly in cell fate establishment.           18	  
1. Introduction 19	  
Flowering plants have a life cycle alternating between a dominant, diploid sporophytic phase and a 20	  
short haploid gametophytic phase. Sexual reproduction can be divided in three phases: sporogenesis, 21	  
gametogenesis, embryo- and endosperm-genesis (Figure 1). Unlike animals, plants do not set aside a 22	  
germline lineage during embryogenesis. Instead, the reproductive lineage is established late in 23	  
development. Cells that will share a meiotic fate and hence initiate a “reproductive lineage” 24	  
differentiate from and within a somatic tissue in dedicated floral organs of adult plants. Sporogenesis 25	  
is initiated by the differentiation of spore mother cells (SMCs) that engage somatic cells into a 26	  
meiotic fate entailing the development of haploid, multicellular gametophytes. The female SMC, also 27	  
called megaspore mother cell (MMC) differentiates in a subepidermal position in an ovule 28	  
primordium –composed of the L1-outer layer of cells and the nucellus-; the male SMC differentiates 29	  
from a mitotic division of the archesporial cell within the sporangium of the anther locule (Figure 1, 30	  
and section 2). Gametogenesis is the process by which the gametes are formed within the 31	  
gametophytes. The male and female gametophytes develop from one haploid spore through a limited 32	  
number of mitosis and cellularization events that will give rise to highly distinct cell types. A vast 33	  
majority of flowering plants share the seven-celled type of female gametophyte comprising two 34	  
gametes- the egg cell and the central cell- and five accessory cells- two synergids and three 35	  
antipodals. All cells are haploid except for the central cell that inherits two polar nuclei, which 36	  
following fusion generate a di-haploid maternal genome in the central cell. By contrast, the mature 37	  
male gametophyte contained in the pollen grain is highly reduced and is composed of one vegetative 38	  
–accessory- cell and two gametes, the sperm cells (Maheshwari, 1950; Figure 1). During double 39	  
fertilization, the egg cell fuses with one sperm to give rise to the diploid zygote, while the central cell 40	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is fertilized by the second sperm cell -from the same pollen- to produce the triploid endosperm 41	  
(Figure 1). Strikingly, although genetically identical the two fertilization products share distinct 42	  
developmental fates. The totipotent zygote engages into embryogenesis that establishes the basic 43	  
body plan and the symmetries (axial, radial) of the future seedling; by contrast, the primary 44	  
endosperm cell engages in in a syncytial phase of proliferation, before cellularisation, to form an 45	  
extra-embryonic, nurturing tissue (Maheshwari, 1950). 46	  
Genetic analyses uncovered several molecular factors responsible for cell fate establishment 47	  
during plant sporogenesis, gametogenesis and embryogenesis that shed light on the principles of cell 48	  
specification during these developmental processes, underlying both commonalities and differences 49	  
with cell specification in the animal reproductive lineage. For instance, the spore mother cells, are not 50	  
physically isolated from the soma, but instead differentiate within and from dedicated sporophytic 51	  
tissue of the flower. The identification of several putative intercellular signaling components, non-52	  
cell autonomous epigenetic regulators, environmental cues fueled the idea that SMC specification 53	  
results from a cross-talk within the cells of the founder niche involving molecular, epigenetic and 54	  
physiological cues (reviewed in Feng et al., 2013). Cell specification in the multicellular 55	  
gametophytes, seems to operate differently. Particularly, in the female gametophyte that initiates 56	  
development in a syncytial manner, position cues and nuclear migration, spatially controlled 57	  
cellularization play key roles in an interplay with cell-specific transcription factors that stabilize cell 58	  
specification (reviewed in Sprunck and Grosshardt, 2011; Drews and Koltunow, 2011; Rabiger and 59	  
Drews, 2013). In the male gametophyte, germ cell fate commitment is contributed by factors that 60	  
influence asymmetric division, cytokinesis and cell cycle (Berger and Twell, 2011). In addition, the 61	  
surrounding sporophytic tissue also influences processes of cell specification within the 62	  
gametophytes, again, likely via non-cell autonomous epigenetic regulators and intercellular signaling 63	  
factors mediating a cross-talk between the gametophytes and its surrounding tissue (reviewed in Feng 64	  
et al., 2013). Finally during embryogenesis, classical genetic approaches but also recent studies on 65	  
cell morphodynamics allowed to formulate models where cell fate establishment in the embryo is 66	  
contributed by embryo-specific transcription factors, signaling components and local auxin gradients 67	  
overriding geometric rules of morphogenesis (reviewed in Wendrich and Weijers, 2013; Yoshida et 68	  
al., 2014), but also by peptides acting non-cell autonomously (Costa et al., 2014). While still 69	  
incomplete, our understanding of cell specification during plant reproduction at the genetic, 70	  
molecular, physiological and biomechanical levels improved tremendously. Yet, the current models 71	  
omit a deeper level of possible control over those processes conveyed by nuclear organization. This 72	  
level is, yet, still difficult to apprehend as it remains at its infancy of formulation, particularly in the 73	  
field of research in plants. Nuclear organization is a collective term that describes structural and 74	  
functional arrangements of the chromatin and chromatin-associated structures or factors, at the 75	  
global, nuclear level, that influences in fine genome expression, hence the cellular phenotype; we will 76	  
focus the discussion in this review onto chromatin dynamic events underlying, and perhaps partly 77	  
driving, cellular fate transitions during sporogenesis, gametogenesis and embryogenesis.   78	  
In multicellular organisms, cellular identities are the output of distinctive transcriptional programs, 79	  
which in turn reflect differential, epigenetic instructions encoded beyond the genetic sequence 80	  
information. Genome expression is modulated in part by the chromatin structure which influences the 81	  
accessibility and processivity of the transcription machinery (Jenuwein and Allis, 2001). The basic 82	  
building block of chromatin is the nucleosome, which is composed of approximately 147bp of DNA 83	  
wrapped around an octamer particle (containing two molecules of each of the core histones H2A, 84	  
H2B, H3 and H4). The N-terminal tail of core histones can be subject to various posttranslational 85	  
modifications, including methylation, acetylation, ubiquitination, phosphorylation, glycosylation, and 86	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sumoylation, which in turn modify the chromatin structure (Strahl and Allis, 2000). Chromatin 87	  
compaction is further modulated by linker histones (H1), binding the linker DNA to stabilize the 88	  
“beads-on-a-string” substructures (Hood and Galas, 2003). Two manifestations of chromatin can be 89	  
discerned: an open, transcriptionally permissive state, and a compact, transcriptionally repressive 90	  
state. Large-scale manifestations of these two chromatin states are microscopically visible in the 91	  
nucleus as euchromatin and heterochromatin, respectively. Although heterochromatin is often viewed 92	  
as silent, transcriptional activity particularly at repeat regions is part of a self-reinforcing mechanism 93	  
of heterochromatin formation (Grewal and Elgin, 2007). In plants, taking Arabidopsis as a model 94	  
system, both euchromatin and heterochromatin domains are enriched in distinct chromatin 95	  
modifications. At the cytogenetic level, while heterochromatin is typically enriched in DNA 96	  
methylation, H3K9me1/2, H3K27me1/2 and H4K20me1 (Fransz et al., 2006), euchromatin is 97	  
characterized by the presence of bivalent instructions such as those associated with a transcriptionally 98	  
repressive state (e.g. H3K27me3), and those associated with a transcriptionally permissive state 99	  
(H3K4me2/3, H3K9me3, H3K36me3, H3K56Ac, and H2Bub) (Roudier et al., 2011). The 100	  
distribution of histone and DNA methylation marks along the genome is described by chromatin 101	  
profiling methods. These approaches revealed that, in somatic tissues, their differential combination 102	  
within promoter or core gene regions indexes distinct chromatin states (Roudier et al., 2011). 103	  
Moreover, DNA methylation is observed in three distinct sequence contexts (CG, CHG, CHH) that 104	  
are distinctively enriched with gene bodies (CG) or repeat regions (CHG, CHH) (Chan et al., 2005). 105	  
Histone modifications and DNA methylation are set and maintained by a cohort of enzymes, with 106	  
complex interplay between themselves and chromatin remodelers but also with small RNAs acting as 107	  
trans signals that reinforce heterochromatic states (reviewed by Tariq and Paszkowski, 2004).  108	  
In plants, chromosome organization at interphase is characterized by the formation of 109	  
chromosome territories (CTs) within the nucleus. In many species with large genome size like wheat 110	  
or barley, chromosomes display Rab1 configuration where the centromeres and telomeres are located 111	  
at the opposite poles of the nucleus. However, plants with small genome size such as Arabidopsis do 112	  
not adopt Rab1 configuration, instead with the centromeres located at the nuclear periphery and 113	  
telomeres around the nucleolus (Fransz and de Jong, 2011; Tiang et al., 2012). Heterochromatin 114	  
domains are cytogenetically referred to as chromocenters in Arabidopsis; they contain rDNA, 115	  
transposons, centromeric and pericentromeric repeats while euchromatin domains are composed of 116	  
the distal chromosome arms deployed as rosette loops around chromocenters at interphase (Fransz, 117	  
2002). Additionally, CTs are arranged in a random fashion in somatic Arabidopsis cells (Pecinka et 118	  
al., 2004), although the regular spacing of chromocenters indicates spatial constraints among 119	  
chromosomes (Andrey et al., 2010). While specific chromosomal associations could not be revealed 120	  
by cytogenetic approaches (Pecinka et al., 2004), chromosome capture-based interaction mapping 121	  
revealed multiple sites that may associate with regions sharing similar chromatin states among distal 122	  
chromosomal regions (Grob et al., 2013). Whether those interactions causally influence gene 123	  
expression remains to be determined.  124	  
Chromatin dynamics are referred to as the processes that modify the organization of eu- and 125	  
hetero-chromatin domains in the nucleus, the distribution of genomic sequences within these 126	  
domains, the arrangement of chromosome territories, and the distribution of functional chromatin 127	  
proteins and histone modifications. How chromatin dynamics underlie genome expression, or vice 128	  
versa, particularly during cellular differentiation remains largely unknown. The aim of this review is 129	  
to discuss the emerging concept that chromatin dynamics contribute to the establishment of new cell 130	  
fates during sexual reproduction, and probably to the resetting of the epigenome to a ground-state 131	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towards pluripotency in the gametophyte and totipotency in the zygote. 132	  
2. Chromatin dynamics during sporogenesis 133	  
 134	  
2.1. Epigenetic reprogramming in sporogenous tissues 135	  
In flowering plants, sexual reproduction begins with sporogenesis where spore mother cells (SMCs) 136	  
are differentiated in dedicated floral organs. Female SMCs, also called megaspore mother cells 137	  
(MMCs) differentiate within ovule primordia formed in the gynoecium. In Arabidopsis, a single sub-138	  
epidermal cell at the distal end of each ovule primordium enlarges and forms the archesporial cell 139	  
that in turn directly develops into the MMC (Figure 1, Maheshwari, 1950). This pattern varies among 140	  
species, whereby in some, the archesporial cell undergoes division to give rise to several MMCs 141	  
(Maheshwari, 1950). The MMC undergoes meiosis to produce four haploid spores while only one 142	  
survives to form the functional megaspore. Male SMCs, also called pollen mother cells (PMCs), or 143	  
microspore mother cells, differentiate within the sporangium formed in the anther locule. In 144	  
Arabidopsis, the hypodermal cell in the sporangium enlarges to form the archesporial cell that then 145	  
divides to generate the primary sporogenous cell towards the inside and the primary parietal cell in 146	  
the outside. The sporogenous cell undergoes mitosis to give rise to PMCs, while the primary parietal 147	  
cell divides to form the anther wall comprising the epidermis, the endothecium, the middle layer, and 148	  
the tapetum (Figure 1, Maheshwari, 1950). Male sporogenesis is completed after meiosis resulting in 149	  
four viable haploid microspores. 150	  
The ARGONAUTE proteins are known as important players in the processes of microRNAs 151	  
(miRNAs) and small-interfering RNAs (siRNAs) directed post-transcriptional gene silencing (PTGS) 152	  
and RNA directed DNA methylation (Vaucheret, 2008). It is of particular interest that accumulating 153	  
evidence showed that ARGONAUTE family members play central roles in SMCs acquisition during 154	  
sporogenesis. In Arabidopsis, the AGO9 protein is expressed in the epidermal nucellar cells from the 155	  
ovule primordia. Loss-of-function of AGO9 leads to formation of supernumerary MMCs in each 156	  
ovule primordium, suggesting that the germline fate is restricted to one single cell via a non cell-157	  
autonomous small RNA pathway (Olmedo-Monfil et al., 2010). In maize, AGO104, which belongs to 158	  
the same AGO-clade as Arabidopsis AGO9, specifically accumulates in the nucellar cells of the 159	  
ovule primordium during sporogenesis. MMCs lacking ago104 activity fail to undergo meiosis, 160	  
resulting in unreduced (diploid) embryo sacs (Singh et al., 2011).  161	  
The observation that the sporogenous tissue is of meristematic nature and competent to derive 162	  
multiple SMCs in mutant backgrounds (see above) did not predispose to the thinking of an abrupt 163	  
cellular identity transition but rather a cellular selection process within a competent tissue (Feng et 164	  
al., 2013). Clearly, however, large-scale epigenetic mechanisms control sporogenic fate restriction 165	  
and involve both trans epigenetic signaling via a non-autonomous siRNA-silencing pathway as well 166	  
as DNA and chromatin modifications (reviewed in Baroux et al., 2011; Grimanelli and Roudier, 167	  
2013; Guitterez and Dickinson, 2012).  168	  
2.2. Chromatin dynamics during SMC differentiation 169	  
 170	  
Here, we would like to review more particularly epigenetic events occurring and contributing locally 171	  
to the somatic-to-reproductive transition taking place during sporogenesis. Specific chromatin 172	  
dynamics related to meiotic execution will be described elsewhere in this issue (Plant Meiosis—173	  
Global approaches).  174	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The first visible signs of SMC differentiation are cellular and nuclear enlargement in the 175	  
sporogenous tissue. Visible changes in nuclear morphology during MMC differentiation were 176	  
reported on early drawings or micrographs with clear nuclear and nucleolar enlargement compared to 177	  
the surrounding nucellar cells (Cooper, 1937; Schulz and Jensen, 1981; Armstrong and Jones, 2003; 178	  
Sniezko, 2006). In the light of our current understanding, these observations suggest large-scale 179	  
chromatin reorganization. Nuclear swelling and chromatin decondensation in differentiating MMC 180	  
was recently confirmed and quantified (Figure 2A, She et al., 2013). Interestingly, it correlates with 181	  
the depletion of canonical linker histones and the concomitant, yet progressive reduction in 182	  
heterochromatin content (She et al., 2013). That H1 depletion is the earliest event of MMC 183	  
differentiation at a stage where cellular differentiation is barely visible strongly suggests a causal link 184	  
between chromatin dynamics and the somatic-to-reproductive fate transition in this cell.  Following 185	  
this event, the MMC chromatin undergoes further, biphasic changes in histone modifications, and 186	  
nucleosome remodeling (Figure 2C). Chromatin dynamics, occurring along with a long meiotic S-187	  
phase, seem to establish a transcriptionally permissive state. This is suggested by a quantitative 188	  
increase in the permissive-associated mark H3K4me3, and the reduction of repressive-related marks 189	  
including H3K27me1, H3K27me3, and H3K9me1 in MMCs, compared to that in surrounding 190	  
nucellar cells (She et al., 2013). However, decreasing levels of Ser2-phosphorylated RNA PolII and 191	  
H4Kac16 indicated a moderate transcriptional competence. Thus, possibly, chromatin 192	  
reprogramming in the MMC may establish a transcriptionally poised state.  193	  
The events described in the MMC are reminiscent of those observed in mouse primordial germ 194	  
cells (PGCs) that can be seen as functional equivalent of plant SMCs: mouse PGCs undergo large-195	  
scale chromatin reprogramming characterized by chromatin decondensation, DNA demethylation, 196	  
depletion of linker histone, histone replacement, and extensive erasure of the histone marks like 197	  
H3K9me2, H3K9ac, H3K9me3 and H3K27me3 (Figure 2C, Hajkova et al., 2002; 2008).  198	  
Whether pre-meiotic reprogramming of the DNA methylation landscape occurs, in the MMC, 199	  
remains a fundamental question to address. At least, genetic evidence showed that DNA methylation 200	  
landscape influences meiotic recombination in Arabidopsis (Mirouzea et al., 2012). Post-meiotic 201	  
reprogramming has been suggested largely based on the expression dynamics of DNA 202	  
methyltransferases in the female gametophyte (see section 3.2). However, the specific impact on the 203	  
actual gametic epigenome remains unknown. Possibly, given their mechanistic link with DNA 204	  
methylation, H1 and H2A.Z depletion in the MMC may enable profound remodeling of the 205	  
methylome already in the MMC (Wierzbicki and Jerzmanowski, 2005; Kumar and Wigge, 2010; 206	  
Zemach et al., 2013). Resolving the genomic loci targeted by those epigenetic reprogramming events, 207	  
at the DNA or histone modification level, is the next challenge to address. However, the techniques 208	  
that would enable MMC-specific chromatin profiling are not yet established. 209	  
The mechanisms controlling chromatin reprogramming in the MMC are likely to be diverse, 210	  
including both active and passive processes. For instance, proteasome-mediated degradation controls 211	  
histone variants eviction such as H1 (She et al., 2013) and possibly H2A.Z too. Yet upstream 212	  
modifications such as phosphorylation, ubiquitinylation or citrullination may contribute to destabilize 213	  
these variants (Contreras et al., 2003; Christophorou et al., 2014). Furthermore, some changes in 214	  
histone modifications may be coupled with replication occurring during meiotic S phase: the 215	  
reduction in H3K27me3 levels (relative to the increasing DNA content) may be caused by 216	  
incorporation of new, non-modified nucleosomes during DNA replication. This, however, does not 217	  
hold true for marks such as H3K4me3 and H3K9me2 that do show a relative increase during MMC 218	  
differentiation and are likely involving the activity of chromatin modifying enzymes. Yet, the process 219	  
may still be mechanistically coupled: it is noteworthy that H3K9me2 increases at chromocenters at 220	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stages where DNA replication is mostly detected in these domains while H3K4me3 increases in 221	  
euchromatin at later stages where DNA replication is mostly detected in this nuclear compartment 222	  
(She et al., 2013). Finally, we may speculate that part of the chromatin dynamics may be mediated in 223	  
trans as suggested by the large representation of small-RNA silencing effectors in the MMC 224	  
transcriptome (Schmidt et al., 2011). 225	  
By contrast, chromatin dynamics events underlying PMC differentiation in the anther are barely 226	  
known. Yet, similar to MMCs, PMC nuclei enlarge in the male sporangium compared to the 227	  
surrounding tapetum in different species (Maheshwari, 1950, Figure 2B). The finding that 228	  
transposable elements become expressed in PMCs may further suggest decondensation at 229	  
heterochromatin loci (Yang et al., 2011) like in MMCs. In addition, H1 linker histones are 230	  
dynamically phosphorylated –hence potentially destabilized- during the meiotic S-phase of wheat 231	  
meiocytes (Greer et al., 2012). Possibly, PMC chromatin undergoes a selective replacement of 232	  
histone H1 with notably the incorporation of a specific variant, resembling that of mouse testis 233	  
(Sasaki et al., 1990). Collectively, these observations suggest that large-scale chromatin dynamics 234	  
may operate PMC fate establishment similar to that in MMCs, but detailed investigations remain 235	  
necessary to confirm this proposal.  236	  
2.3. Functions for chromatin dynamics in the SMCs 237	  
 238	  
2.3.1. Preparation for meiosis execution 239	  
The differentiation of SMCs is followed by meiotic execution. Events of the meiotic prophase I 240	  
include homologous chromosome pairing, synapsis, and recombination. In mice, H3K9me2 241	  
deposition is critical for synapsis and in yeast, H3K4me3 marks meiotic recombination initiation sites 242	  
and regulates double strand DNA breaks (Tachibana et al., 2007; Borde et al., 2009; Kniewel and 243	  
Keeney, 2009). H3K9me2 and H3K4me3 enrichment in the chromatin of plant MMCs during the 244	  
meiotic S-phase but also during prophase I (She et al., 2013) may suggest a similar role for these 245	  
marks in synapsis and recombination initiation. Furthermore, the role of DNA methylation in 246	  
determining the recombination landscape in Arabidopsis meiocytes (Melamed-Bessudo and Levy, 247	  
2012; Mirouze et al., 2012) may be contributed by H1 and H2A.Z dynamics in the MMC, two 248	  
histone variants shown to influence DNA methylation patterns in Arabidopsis (Wierzbicki and 249	  
Jerzmanowski, 2005; Zemach et al., 2013). But whether these epigenetic marks directly instruct the 250	  
meiotic machinery is not known. Alternatively, an intuitive interpretation of chromatin dynamics in 251	  
the MMC is to enable the expression of meiotic genes and the repression of the mitotic pathway. For 252	  
instance, H1 depletion in yeast is a prerequisite to activate meiotic effectors, and H3K27 253	  
demethylation at key developmental genes in mouse is also essential to meiotic progression (Agger et 254	  
al., 2007; Bryant et al., 2012). Although this is a plausible function for H1, its eviction in the MMC 255	  
likely plays a role beyond meiosis execution since ameiotic ago9 MMC resume similar chromatin 256	  
dynamics than meiotic MMCs (She et al., 2013). 257	  
2.3.2. Repression of the somatic program 258	  
The SMC fate is not inherited, but is established locally within a niche of somatic cells in floral sex 259	  
organs. Intuitively, SMC specification may thus require to exit the somatic program. In rice, MEL1 260	  
encodes an AGO protein specifically expressed in SMCs before meiosis. Most SMCs cannot 261	  
complete sporogenesis and arrest at early meiosis in the loss-of-function mutant, suggesting that 262	  
MEL1 is important for switching from a mitotic to a meiotic program, a prerequisite for the somatic-263	  
to-reproductive cell fate transition. Possibly as well, MEL1 may contribute to repress other somatic 264	  
features as mel1 mutant PMCs harbor somatic type of mitochondria (Nonomura et al., 2007). In 265	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maize, AGO104 specifically accumulates in the nucellar cells of ovule primordium during 266	  
sporogenesis. MMCs lacking ago104 activity fail to undergo meiosis, resulting in unreduced 267	  
(diploid) embryo sacs. Transcriptional profiling of the ago104 mutant suggests that it represses 268	  
somatic gene expression in a non-cell autonomous way (Singh et al., 2011). Collectively, the above 269	  
studies allow to propose a non-cell autonomous, small-RNA mediated repression of the somatic cell 270	  
fate during SMC specification. Interestingly, this situation is reminiscent of the animal germline 271	  
which differentiation requires the inhibition of the somatic transcriptional program, partially relying 272	  
on piwiRNA-mediated silencing (Nakamura et al., 2010).  273	  
2.3.3. TE silencing during sporogenesis? 274	  
Transmitting the genetic information to the next generation without accumulated mutations is a 275	  
considerable challenge for sexually reproducing organisms. Transposable elements (TE) are 276	  
potentially mobile sequences within the genome that pose a threat to genome integrity. Epigenetic 277	  
reprogramming during germline formation in animals, during sporogenesis in plants, is a potential 278	  
risky window for TE to escape silencing. Both plants and animals have evolved different strategies to 279	  
restrict TE activity, particularly in the germline (reviewed in Bao and Yan, 2012, see [3.3.1]). 280	  
Chromatin decondensation, loss of heterochromatin and genome-wide remodeling of the epigenetic 281	  
landscape during MMC, and likely PMC, specification in plants create a favorable environment for 282	  
TE escape, thus control mechanisms are likely in place for restricting TE activity in these cells. In 283	  
somatic plant cells, TEs are kept silenced via an RNA-dependent DNA Methylation (RdDM) 284	  
pathway, with 24nt long siRNA targeting DNA and H3K9 methylation at TE loci (Xu et al., 2013). 285	  
In the MMC, despite a very low heterochromatin content (10.51% compared to 32.3% of somatic 286	  
cells), the remaining chromocenters are highly enriched in H3K9me2 (She et al., 2013), whereby the 287	  
immunostaining signals largely overcome the chromocenter foci. This suggests the possibility that 288	  
TE silencing is reinforced although heterochromatin domains are not maintained. Furthermore, TE 289	  
silencing could be mediated in trans by siRNAs produced by the surrounding, somatic cells of the 290	  
nucellus (Olmedo-Montfil et al., 2010), similar to the situation in animals where the somatic cell 291	  
controls TE silencing in the germline (Klattenhoff and Theurkauf, 2008; Martienssen et al., 2008). 292	  
Plants deficient in RdDM-mediated silencing are unable to exert a control on TE proliferation when 293	  
the parental plant was subjected to heat stress and transmit novel TE copies to their progeny. Genetic 294	  
analyses suggested that this control normally takes place in the floral tissue and not during 295	  
gametogenesis (Ito et al., 2011). That heat-activated TEs proliferate during chromatin reprogramming 296	  
in the MMC of RdDM-deficient nucellus respectively, is the most plausible explanation. Consistent 297	  
with this, the transcriptionally activated retrotransposon, EVADE, was shown to be actively, 298	  
maternally suppressed via an siRNA –mediated heterochromatin pathway before meiosis (Reinders et 299	  
al., 2013) suggesting further a siRNA-based mechanism to doom TE activity during chromatin 300	  
reprogramming in the MMC.   301	  
2.3.4. Epigenetic reprogramming towards pluripotency establishment 302	  
Sporogenesis achieves the formation of a haploid, pluripotent spore, which will generate several 303	  
distinct cell types upon gametophyte development. It has been proposed that chromatin 304	  
reprogramming in the MMC contributes to establish competence to the gametophytic, pluripotent 305	  
development of the spore. This proposal is based on the analysis of mutants forming ectopic, 306	  
ameiotic gametophytes in the ovule (ago9, Olmedo-Monfil et al., 2010) and the sdg2 mutant that lost 307	  
female gametophytic competence (Berr et al., 2010); in those mutants with altered gametophytic 308	  
competence, chromatin dynamics was either ectopically expressed (H1 eviction, H3.3 incorporation, 309	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H3K27me1 and H3K27me3 reduction) or with altered H3K4me3 levels, respectively. 310	  
Although a systematic functional dissection and a challenging, single-cell epigenome profiling 311	  
remain to be done to confirm this hypothesis, large-scale chromatin dynamics in the MMC likely 312	  
enables reprogramming the epigenetic landscape to prime a gametophytic developmental program. 313	  
This situation is also highly reminiscent of that in animals where epigenetic reprogramming in PGCs 314	  
establishes a ground-state epigenome and alleviates barriers against pluripotency in the germline 315	  
(Yamaji et al., 2008; Hajkova, 2011; Hackett et al., 2012). Specifically, it would be interesting to test 316	  
whether H3K27 demethylation in the MMC underlies transcriptional derepression of gametophytic 317	  
genes, similar to the derepression of pluripotency genes in mice and humans, mediated by the H3K27 318	  
demethylase Utx (Mansour et al., 2012). The only H3K27 demethylase characterized so far in 319	  
Arabidopsis, REF6 (Lu et al., 2011) does not seem to be involved in this process (She et al., 2013); 320	  
thus determining the possible role of H3K27me3 on gametophytic gene expression awaits the 321	  
elucidation of the mechanisms by which the MMC chromatin is depleted of H3K27me3.  322	  
3. Chromatin dynamics during gametogenesis 323	  
In plants, gametogenesis is the last step of gametophyte development. The gametes are differentiated, 324	  
together with accessory cells, within the multicellular male and female gametophytes. In both cases, 325	  
the establishment of distinct cell fates from genetically identical haploid cells is underlined by 326	  
distinct chromatin organization. 327	  
3.1. Chromatin dynamics during male gametogenesis 328	  
Microgametogenesis begins with an asymmetric and atypical mitosis in the microspore, resulting in 329	  
the formation of a large vegetative cell engulfing a smaller generative cell in Arabidopsis. The 330	  
vegetative cell arrests at G1-phase, while the generative cell undergoes another mitosis to produce 331	  
two sperm cells (Berger and Twell, 2011). The vegetative cell serves the function of delivering the 332	  
male gametes towards the ovule during fertilization. The structurally and functionally different cell 333	  
types are also marked by their dimorphic chromatin states (Figure 3).  334	  
Chromatin in the vegetative cell is largely decondensed compared to that of the somatic cells, with 335	  
dramatic reduction of H3K9me2. It undergoes centromeric heterochromatin decondensation, with 336	  
dispersed 180-bp centromric repeats (180CEN) possibly caused by the absence of the chromatin 337	  
remodeler DDM1 (DECREASE IN DNA METHYLATION 1) from the SWI/SNF-family of in this 338	  
cell (Soppe et al., 2002; Probst et al., 2003; Schoft et al., 2009). A consequence of this chromatin 339	  
state is the massive transcription of transposable elements (TE) generating in turn TE-specific small-340	  
RNAs (Slotkin et al., 2009). Additionally, in the vegetative cell of rye (Secale cereale), depletion of 341	  
the repressive mark H3K9me2 at the bicellular and tricellular stages indicates that a transcriptionally 342	  
permissive epigenetic landscape is established, which is supported by the enrichment of Ser2-P-RNA 343	  
PolII. Yet, H3K4me2 and H3K9ac, two permissive marks, are also largely depleted, suggesting that 344	  
transcriptional competence is established independently of these usual modifications (Figure 3, 345	  
Houben et al., 2011).  346	  
 By contrast, the sperm chromatin is highly condensed. The transcriptional activity is almost 347	  
undetectable, based on immunolocalization of Ser2-P-PolII, in the generative and sperm cells 348	  
(Houben et al., 2011), although a large amount of transcripts are detected in those cells (Borges et al., 349	  
2008). This repressive transcriptional landscape may be partly contributed by enhanced H3K9me2 350	  
levels, particularly at heterochromatin loci. However, and paradoxically, the sperm chromatin is 351	  
enriched in the transcriptionally permissive H3K4me2 and H3K9ac, while globally depleted in the 352	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repressive mark H3K27me3 (Figure 3, Houben et al., 2011). Collectively, these observations could 353	  
suggest that the sperm chromatin acquires a poised state as in the animal germline.  354	  
Male gametogenesis is also accompanied by changes in the histone H3 variant repertoire, with 355	  
distinct patterns established between the sperm and the vegetative cells, which can be observed early 356	  
at the bicellular stage (Figure 3). While both cells are devoid of the somatic H3.1 variants, they 357	  
contain each a specific repertoire of H3.3 variants: the chromatin of the vegetative cell includes a few 358	  
canonical H3.3 variants (HTR5 and HTR8) and the variant HTR14, while the sperm chromatin 359	  
contains HTR5 and a sperm-specific variant (HTR10) (Ingouff et al., 2010). Dynamics of core 360	  
histone variants are also described in Lily pollen, with the specific incorporation in the generative 361	  
cell of gH2A, gH2B, gH3 -which shares common structural properties with Arabidospsis CENH3- 362	  
and the selective depletion of somatic H1 in the vegetative cells (Tanaka et al., 1998; Xu et al., 1999; 363	  
Ueda et al., 2000). 364	  
Chromatin dynamics during male gametophyte development is also reflected by the distinct DNA 365	  
methylation patterns established between the vegetative cell and the gametes, which can be traced 366	  
back to the microspore stage before mitosis I (Figure 3). Comparatively to somatic cells, the 367	  
microspore chromatin is devoid of CHH methylation mostly from retrotransposon loci. 368	  
Gametogenesis entails antagonist changes in the sperm and vegetative cells: while the sperm cells 369	  
inherit the CHH DNA methylation patterns from the microspore, with more pronounced depletion, 370	  
the vegetative cells restore CHH methylation at TE loci. In contrast, CG methylation is globally 371	  
retained, in the sperm cells, but depleted from a subset of TE loci and intergenic regions in the 372	  
vegetative cell. While compared to that in the sperm cells, CHG methylation is generally higher in 373	  
the vegetative cell, albeit depleted from the same demethylated CG TE loci (Calarco et al., 2012; 374	  
Ibarra et al., 2012). This profound, dimorphic remodeling of DNA methylomes during 375	  
microgametogenesis is likely a consequence of differential activity of key factors in the gametes and 376	  
vegetative cell: the de novo DNA methyltransferase DRM2 and the 24nt siRNA-based machinery, 377	  
that normally act together in establishing and maintaining CHH methylation, respectively, and the 378	  
DNA glycosylases DEMETER (DME) and REPRESSOR OF SILENCING 1 (ROS1) enabling CG 379	  
demethylation via a base-pair excision-repair process (Morales-Ruiz et al., 2006; Law and Jacobsen, 380	  
2010; Calarco et al., 2012).  381	  
Whether DNA methylome reprogramming is a cause or consequence of large-scale chromatin 382	  
dynamics is unclear. Possibly, however, depletion of H1 linker histones and of the chromatin 383	  
remodeler DDM1 in the microspores (Tanaka et al., 1998; WS, CB, unpublished) may underscore a 384	  
mechanistic link with DNA methylation changes (Wierzbicki and Jerzmanowski, 2005; Zemach et 385	  
al., 2013). 386	  
3.2. Chromatin dynamics during female gametogenesis	  387	  
The female gametophyte has a syncytial mode of development until the eight-nuclear stage. The 388	  
bipolar organization of the gametophyte is short lived and migration of two polar nuclei towards the 389	  
center of the syncytium quickly sets the future pattern of the mature embryo sac, which is definitively 390	  
set at cellularization (Sprunck and Gross-Hardt, 2011). A microscopic observation of the nuclear size 391	  
and chromatin appearance at the consecutive stages of development suggests a rather decondensed 392	  
state of the chromatin but also rapid changes entailed by cellularization (Figure 4). Particularly, while 393	  
the antipodals and synergids seem to regain a chromatin organization similar to that of sporophytic 394	  
cells, the egg and the central cells reveal a globally less condensed state, with smaller 395	  
heterochromatin foci compared to that of the somatic cells (Figure 4, Baroux et al., 2011; Jullien and 396	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Berger, 2010). Yet, the gametes appear clearly dimorphic with a more pronounced decondensation in 397	  
the central cell and this dimorphism, similar to that between the vegetative cell and the sperm cells, 398	  
respectively, in the male gametophyte, is further illustrated by the distinct epigenetic and 399	  
transcriptional landscapes detected using cytogenetic investigations (Pillot et al., 2010). The 400	  
chromatin in the central cell shows a dramatic reduction of H3K9me2 and LHP1 induced at/after 401	  
cellularization of the gametophyte, while being transcriptionally active. By contrast, the egg cell 402	  
chromatin harbors high levels of LHP1 and H3K9me2 at conspicuous foci, coincidentally with low-403	  
to-undetectable levels of active RNA PolII, reflecting a relatively transcriptional quiescent state 404	  
(Pillot et al., 2010; Figure 5). Concomitantly, unequal expression of DNA methyltransferases in the 405	  
central cell and egg cell - with notably undetectable level of these enzymes in the central cell 406	  
contrasting with the presence of de novo DNA methyltransferases DRM1/2 in the egg- may 407	  
contribute to reinforce the epigenetic dimorphism (Jullien et al., 2012). 408	  
The dimorphic epigenetic state between the egg cell and the central cell is also reflected by the 409	  
establishment of distinct core histone variants patterns (Figure 5). Similar to that in the male gametes, 410	  
both of the female gametes are devoid of most of the canonical, somatic H3 variants. The mature egg 411	  
cell only harbors the H3.3 variant HTR5, while the central cell retains one H3.1 (HTR3) and two 412	  
H3.3 variants (HTR8 and HTR14) (Ingouff et al., 2010; Figure 5). It was considered that the absence 413	  
of H3.1 in the egg cell may be caused by the arrested cell cycle before S-phase, as H3.1 incorporation 414	  
is linked with DNA synthesis (Ingouff et al., 2010; Stroud et al., 2012). The specific eviction of core 415	  
histone H2B in the egg cell, rather than in the central cell, further underlines dimorphic chromatin 416	  
composition between the gametes (Pillot et al., 2010). 417	  
In addition, compared to that in the egg cell where low levels of maintenance DNA 418	  
methyltransferases including MET1 and CMT3, and high levels of de novo DNA methyltransferases 419	  
(DRM1/2) are detected, the central cell keeps barely detectable levels of MET1 and CMT3 and low 420	  
levels of DRM1/2 (Jullien et al., 2012), where MET1 was proposed to be repressed in the central cell 421	  
via a Retinoblastoma pathway (Jullien et al., 2008). Furthermore, the DNA demethylase DME is 422	  
specifically expressed in the central cell, but not in the egg cell prior to fertilization (Choi et al., 423	  
2002). Differential expression of those enzymes suggests that the central cell has a globally 424	  
hypomethylated genome compared to the egg cell (Figure 5). While this model is often taken for 425	  
granted largely due to inferences made from DNA methylome profiling data in the fertilization 426	  
products at a relatively late stage of seed development (Gehring et al., 2009; Hsieh et al., 2009; 427	  
Zemach et al., 2010), probing the genome for effective DNA methylation, in sequence context, using 428	  
cytogenetic and molecular profiling approaches remain necessary to confirm the quantitative and 429	  
qualitative distinction between the female gametes. In addition, the possibility remains that some loci 430	  
may be preferentially demethylated after fertilization rather than in the central cell (Jahnke and 431	  
Scholten, 2009). While instances of hypomethylated genes in the central cell could be described for a 432	  
few loci in isolated maize gametes (Gutierrez-Marcos et al., 2006; Jahnke and Scholten, 2009), 433	  
genome-wide profiling of the DNA methylomes, and histone modifications, specifically in the egg 434	  
and central cells remains currently an immense challenge, due to the extreme difficulty in isolating 435	  
those cells at large-scale. 436	  
3.3. Functions of chromatin dynamics during gametogenesis 437	  
 438	  
3.3.1. Companion cell-dependent TE silencing in the gametes to preserve genome integrity  439	  
The problem of maintaining genome integrity in the germline has been exposed in 2.3.3. In animals, 440	  
the requirement of a TE control in the germline is restricted to primordial germ cell development and 441	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meiosis (Bao and Yan, 2012), since the meiotic product directly produces the mature gamete. In 442	  
plants, however, the mitotic developmental phase of the gametophyte, following meiosis, imposes the 443	  
necessity to prolong a control over TE activity until the mature gametes.  444	  
Unlike the sperm cells, the vegetative cell does not contribute to the next generation. Yet, this 445	  
companion cell seems to influence the epigenetic setup of the sperm cells. The current model 446	  
involves TE-derived 21nt siRNAs produced by the vegetative cell (following passive and active 447	  
DNA demethylation) that act in trans on the sperm cells’ chromatin to reinforce TE silencing via 448	  
RNA-directed DNA Methylation (RdDM) (Slotkin et al., 2009; Ibarra et al., 2012). The efficient 449	  
silencing of a GFP reporter gene in the sperm cells by expressing the corresponding artificial 450	  
microRNA in the vegetative cell under the LAT52 promoter supports the model of small RNA 451	  
transfer from the companion cell to the male gametes (Slotkin et al., 2009; Feng et al., 2013). 452	  
However, in another study using a promoter specifically activated in the vegetative cell and not at 453	  
earlier stage of microspore development (unlike LAT52) this trans silencing experiment could not be 454	  
reproduced suggesting that TEs siRNAs in the sperm cells may be inherited from the microspore 455	  
(Grant-Downton et al., 2013). Thus, although further analysis is needed, the model prevails that the 456	  
companion cell provides a process of genome integrity maintenance in sperm cells that are 457	  
transcriptionally silent and thus unable to provide the effectors for TE silencing.  458	  
Likewise in sperm cells, a control over TE activity in the egg cell would be meaningful. It has 459	  
been proposed that, similar to the vegetative cell towards the sperm cells, the central cell may play a 460	  
role in reinforcing TE silencing in the egg cell. This model is inferred from the observation that when 461	  
the endosperm is derived from a central cell lacking the activity of the DEMETER DNA glycosylase, 462	  
hypermethylation of TEs is observed, suggesting that those loci are normally demethylated (by 463	  
DME) and may, likewise the vegetative cell produce TE-derived siRNA. Similarly, trans-silencing of 464	  
a reporter gene was successfully achieved in the egg by expressing the corresponding amiRNA in the 465	  
central cell (Ibarra et al., 2012) comforting the idea that siRNA transpose from the central cell to the 466	  
egg cell to maintain genome integrity in the female germline too (reviewed in Feng et al., 2013).   467	  
3.3.2. Setting epigenetic asymmetry for genomic imprinting  468	  
Genomic imprinting refers to epigenetic regulations leading to unequal expression of both parental 469	  
alleles in a diploid cell, thereby conveying possible parent-of-origin specific effects at the molecular, 470	  
cellular, tissue or organismal level. In plants, imprinting occurs in both the embryo and endosperm 471	  
(reviewed in Dickinson and Scholten, 2013; Gehring, 2013). Genetic studies indicated that 472	  
imprinting regulation involves differentially methylated regions (DMRs) but also PRC2-mediated 473	  
histone modifications and likely other, yet unknown, epigenetic mechanisms (Gehring, 2013). The 474	  
mechanisms of imprinting regulation are extensively reviewed elsewhere (e.g. Raissig et al., 2011; 475	  
Köhler et al., 2012; Dickinson and Scholten, 2013; Gehring, 2013) and will not be treated in details 476	  
here. However, it is relevant to outline the basic principle that imprinting regulation relies on an 477	  
asymmetric epigenetic setup between the parental alleles that has to be established prior to 478	  
fertilization. So far, the current model suggests that the parental alleles are, by default, set in an 479	  
epigenetically repressed state inherited from the somatic cells while a gender-specific erasure of a, 480	  
e.g. silencing mark enables priming expression after fertilization. For instance, maternally expressed 481	  
genes (MEG) active in the endosperm are demethylated in the central cell via both active and passive 482	  
mechanisms (DME-mediated DNA demethylation and lack of DNA methylation maintenance by 483	  
MET1, respectively (Jullien and Berger, 2010), while their paternal counterpart are hypermethylated 484	  
in the sperm cells. This is the case for instance for FLOWERING WAGENINGEN (FWA), 485	  
FERTILIZATION INDEPENDENT SEEDS2 (FIS2), MEDEA (MEA) (see reviews cited above), 486	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although the latter can be maternally activated in a DME and DNA methylation independent fashion 487	  
(Wohrmann et al., 2012). Interestingly, the absence of DME in conjunction with the presence of de 488	  
novo DNA methyltransferases in the egg cell, together with genetic studies on embryo-MEG 489	  
regulation, suggest that the establishment of imprints to be inherited to the embryo relies on distinct 490	  
mechanisms (Dickinson and Scholten, 2013; Raissig et al., 2013a). The wide range of chromatin 491	  
changes, including male or female gametes-specific resetting of the histone H3 repertoire, and 492	  
possibly of other histone variants, may offer alternative means to asymmetrically mark the parental 493	  
alleles of imprinted loci.  494	  
Interestingly, gametogenesis is the sole developmental window considered so far for establishing 495	  
the epigenetic setup of imprinted loci. However, sporogenesis, more particularly SMC differentiation 496	  
that undergoes massive reprogramming of its chromatin landscape (see Section 2) offers another 497	  
window of opportunity to establish parental imprints. Erasure of DNA methylation at MEG loci for 498	  
instance may be achieved in the MMC following the eviction of H1 and H2AZ (She et al., 2013) 499	  
known for their interplay with DNA methylation (Wierzbicki and Jerzmanowski, 2005; Rea et al., 500	  
2012; Zemach et al., 2013).  501	  
3.3.3. Pre-patterning the post-fertilization fates 502	  
The distinct chromatin states established in the egg cell and the central cell after cellularization of the 503	  
female gametophyte, reflect distinct epigenetic and transcriptional status. An interesting explanation 504	  
for the transcriptionally quiescent state of the egg cell may be a role for establishing totipotency in 505	  
the zygote likewise in animals. In animals, the zygote is transcriptionally inactive for a duration that 506	  
varies depending on the species; this transient status (preceding zygotic genome activation) is 507	  
thought to be necessary to epigenetically reprogram the zygotic genome towards a totipotent ability, 508	  
through priming developmental regulator genes for expression (Seydoux and Braun, 2006; Surani et 509	  
al., 2007). The case of plants may mirror that of the animals whereby chromatin dynamics in the egg 510	  
may pattern the transcriptionally quiescent chromatin of the future zygote. In stark contrast to the 511	  
egg, the central cell is epigenetically relaxed towards a highly permissive state and de facto 512	  
transcriptionally active (Pillot et al., 2010), a state largely inherited in the endosperm following 513	  
fertilization. Thus again here, chromatin dynamics in the central cell is likely a pre-patterning event 514	  
of its post-fertilization fate. What are the critical epigenetic remodeling events that contribute to the 515	  
identity of the gametes themselves and their post-fertilization products is however still unknown. 516	  
Clearly, transcriptional quiescence is not enough to define a totipotent state, since an artificially 517	  
induced transcriptionally silent state in the central cell results in abortion of its post-fertilization 518	  
program (the endosperm fails to develop) (Pillot et al., 2010). Conversely, mutant zygotes deficient 519	  
in RdDM-mediated gene silencing are transcriptionally active, yet developmentally competent to 520	  
form a viable embryo (Autran et al., 2011). Being able to profile the epigenetic landscape, genome-521	  
wide and at single-gene resolution is critically required to decipher the targets and role of chromatin 522	  
dynamics in the gametes. 523	  
4. Chromatin dynamics following double fertilization 524	  
4.1.  Dimorphic chromatin landscapes established in two fertilization products 525	  
Embryogenesis is a long developmental process progressing along consecutive phases of 526	  
proliferation, morphogenesis, organogenesis and maturation. Our knowledge is too scarce to draw a 527	  
developmental atlas of chromatin dynamic events during those phases; large-scale processes have 528	  
been mostly reported both immediately following fertilization, on which we will focus below, or at 529	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maturation stages (van Zanten et al., 2011). 530	  
Soon after fertilization, rapid exchanges of gametic H3.3 histone variants occur in the zygote and 531	  
endosperm and a somatic pattern of H3.3 variants composition is reestablished in the zygote (Ingouff 532	  
et al., 2007; Ingouff et al., 2010). This suggests a limited inheritance of H3-based epigenetic 533	  
information from the gametes to the fertilization products. Yet, the modest resolution of microscopic 534	  
investigations does not allow excluding inheritance for discrete loci or small chromosomal segments. 535	  
Clearly, however, the transcriptional states of the fertilized products are largely inherited from their 536	  
female gametic progenitor: the zygote seems transcriptionally quiescent with barely detectable PolII 537	  
activity while the endosperm harbors a transcriptionally active chromatin state as shown by abundant 538	  
levels of engaged RNA PolII (Pillot et al., 2010). Additionally, the dimorphic pattern of H3K9me2 539	  
(high in the zygote, low in the endosperm) is also similar to that in the female gametes suggesting 540	  
inheritance of at least some levels of chromatin organization. The functional requirement of the DNA 541	  
methyltransferase CMT3 further suggests a connective interplay between H3K9 and DNA 542	  
methylation in establishing this dimorphism (Pillot et al., 2010).  543	  
Furthermore, developmental progression of the fertilization products entails additional chromatin 544	  
dynamics as inferred by the molecular profiles of DNA methylation patterns in the embryo and 545	  
endosperm in well-developed seeds (6 to 8 days after pollination). Particularly, the maternal genome 546	  
of the endosperm undergoes DME-mediated global DNA demethylation, while, comparatively, DNA 547	  
methylation levels are higher in embryo in all sequence context (Hsieh et al., 2009). This dimorphism 548	  
is consistent with the antagonist abundance of DNA methyltransferases including MET1, DRM2 and 549	  
CMT3 in the embryo and endosperm, respectively (Hsieh et al., 2009; Jullien et al., 2012). The 550	  
detection of those DNA methyltransferases in the embryo proper at early stage suggests the 551	  
hypothesis that reprogramming of the DNA methylation landscape already occurs soon after 552	  
fertilization, likewise in animals (Seisenberger et al., 2013).  553	  
Overall, while several evidence suggest dynamic reprogramming of the chromatin states (histone 554	  
and DNA modifications) in the fertilization products, the data remain uneven with distinct 555	  
developmental stages investigated (e.g. profiles at early developmental stages are missing) and at 556	  
different resolution levels (molecular profiles versus microscopic detection of immunostaining 557	  
signals or fluorescently-tagged chromatin modifiers). Clearly, temporally-resolved profiles of histone 558	  
and DNA methylation patterns in the developing embryo and endosperm starting from soon after 559	  
fertilization is necessary to elucidate the epigenetic landscape and its dynamics. But for this, daunting 560	  
technical difficulties remain to be solved to enable massive, and tissue specific nuclei isolation suited 561	  
for epigenome profiling, particularly from the embryo and endosperm –that are embedded within the 562	  
maternal seed - at very early stages. 563	  
4.2. Functions of chromatin dynamics in the fertilization products 564	  
4.2.1. Reprogramming towards totipotency acquisition in the zygote? 565	  
Fertilization unites two differentiated and very specialized cells, the egg cell and the sperm cell. To 566	  
enable embryo development-with the establishment of novel cell types and organ symmetries 567	  
towards the basic body plan of the future plant- the newly formed zygote must be alleviated from the 568	  
gametic programs and acquire totipotency. With analogy to animals, it is tempting to speculate that 569	  
epigenetic reprogramming may occur in the plant zygote towards setting the future transcriptional 570	  
program. The abrupt replacement of histone H3 variants in the zygote (Ingouff et al., 2010) may 571	  
enable a rapid resetting of histone modifications towards this goal. However, we are currently lacking 572	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detailed molecular profiles in the gametes and the zygote to draw any meaningful comparison. Yet, 573	  
strikingly, the plant zygote remains transcriptionally relatively quiescent (Pillot et al., 2010), a 574	  
situation reminiscent to that of animal zygotes and which is necessary to totipotency acquisition 575	  
(reviewed in Seydoux and Braun, 2006).  Future efforts in elucidating and manipulating epigenome 576	  
dynamics in the plant zygote are necessary, yet extremely challenging, to conclude about possible 577	  
evolutionary convergent scenarios between the two kingdoms in the role of epigenetic 578	  
reprogramming in totipotency acquisition. 579	  
4.2.2. Genomic Imprinting  580	  
Imprinting in the embryo suggests the existence of mechanisms –yet to be discovered- enabling 581	  
resistance at specific loci against the proposed genome-wide reprogramming of DNA methylation 582	  
and histone modification landscapes. Imprinted loci seem to have, however, a shorter lifetime in the 583	  
plant embryo than in animals. By contrast to animals where imprinting persists in adult tissues, no 584	  
imprinted expression has been detected to date in the seedling which strongly suggests an erasure 585	  
process of imprints at late stage of embryo development (Raissig et al., 2013a). The suggested, active  586	  
remethylation of the embryo genome via the DNA methyltransferases DRM1/DRM2 (Jullien and 587	  
Berger, 2010) may be important in this process (Jullien et al., 2012). Clearly, temporally resolved, 588	  
DNA methylome profiles of the embryonic genome are awaited to apprehend the timing, the extent 589	  
and the nature of loci affected by DNA methylation reprogramming following fertilization. While 590	  
still challenging to perform, recent methodological progress in Arabidopsis embryo isolation and 591	  
bisulfite sequencing from small input fractions offers the realistic possibility in a near future 592	  
(Schmidt et al., 2012; Raissig et al., 2013b). In addition, the active maintenance of asymmetric 593	  
histone modifications set by the PRC2 complex is necessary to perpetuate imprinting at several 594	  
embryo imprinted loci (Raissig et al., 2013a), yet is in apparent contradiction with the global eviction 595	  
of maternal H3 variants in the zygote (Ingouff et al., 2010). Thus clearly, chromatin dynamics cannot 596	  
be described only globally but has to be resolved at the gene-specific level to understand its role in 597	  
imprinting regulation in the embryo. 598	  
4.2.3. TEs control for genome integrity across generation 599	  
The maternal genome of Arabidopsis endosperm undergoes extensive CG demethylation at TE loci, 600	  
which at least partially requires DME activity (Hsieh et al., 2009). Similar to the situation described 601	  
in the companion cells of the pollen, it has been proposed that TEs from the central cell, and possibly 602	  
the endosperm as well, may produce specific siRNAs that reinforce TE silencing in the zygote, 603	  
thereby dooming those genomic elements potentially harmful for the genome integrity of the ensuing 604	  
generations (Mosher et al., 2009; Ibarra et al., 2012). Although the mobility of siRNA from the 605	  
endosperm to the embryo remains to be confirmed, it was reported that demethylation of endosperm 606	  
maternal genome is accompanied by CHH hypermethylation of TEs in the embryo (Hsieh et al., 607	  
2009). An endosperm-driven control of genome integrity surveillance in the embryo is likely a 608	  
conserved mechanism across flowering plants, with evidence reported in both eudicots and monocots 609	  
(Mosher et al., 2009; Zemach et al., 2010).          610	  
5. Conclusions and Future Prospects 611	  
 612	  
To date, a broad range of genetic and molecular regulators have been identified that contribute to cell 613	  
specification processes during sexual reproduction in flowering plants. Yet, with the increasing body 614	  
of evidence that these processes are accompanied by large-scale chromatin dynamic events, an 615	  
exciting area is opening; further efforts are needed to apprehend a yet, underestimated level of 616	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control mediated by chromatin dynamics likely potentiating the (re)programming of genome 617	  
expression during those processes. Exciting findings in the past decades uncovered dynamic events 618	  
of chromatin modifications, DNA methylation, nucleosome remodeling and small RNA regulation 619	  
that take place throughout sexual reproduction in flowering plants, particularly during cell fate 620	  
specification. The possible functions of these events range from epigenetic reprogramming of the 621	  
genome towards pluri- or totipotency, maintenance of genome integrity, regulation of imprinting but 622	  
may also functions in immediate cellular tasks at meiosis, mitosis cellularization and patterning in the 623	  
gametophyte and embryo. In the absence of cell-specific epigenome profiles, however, the impact of 624	  
chromatin dynamics on epigenetic reprogramming remains largely speculative. Establishing a dogma 625	  
still requires efforts to overcome the daunting obstacles that obstruct cell-specific epigenome 626	  
profiling in the reproductive lineage, particularly in the model plant Arabidopsis thaliana. For these 627	  
experiments the choice of other model plants (e.g. model crops) where, at least the gametes, are more 628	  
amenable to mechanical isolation may be judicious. The development of cell-specific nuclei isolation 629	  
approaches (Deal and Henikoff, 2010) may prove a real asset in these efforts, though it still requires 630	  
significant improvement for those rare cell types (Wuest et al., 2013). Alternatively, probing the 631	  
genome at the microscopic scale for its chromatin composition and organization, at high-resolution, 632	  
at the single-cell level and in a quantitative manner, has proven a valid and fruitful approach (She et 633	  
al., 2014). It enabled describing unsuspected chromatin dynamics events during SMC and female 634	  
gamete specification and, in combination with genetic analyses, revealed a functional link with the 635	  
acquisition of developmental competences (Pillot et al., 2010; She et al., 2013). The completion of 636	  
such analyses on the male reproductive lineage, in several (model or non-model plants) will be 637	  
instrumental in determining whether cell specification during reproduction relies on robust, 638	  
reiterative chromatin dynamics events across developmental phases and genders, and whether an 639	  
evolutionary conserved scenario exists across eudicots and monocots.  640	  
 641	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8. Figure legends 968	  
Figure 1 Sexual reproduction in flowering plants. The process of sexual reproduction begins with 969	  
sporogenesis where spore mother cells differentiate in the floral organs of adult plants. The female 970	  
SMC, also called megaspore mother cell (MMC) differentiates from a subepidermal nucellar cell 971	  
within the ovule primordium, the MMC then undergoes meiosis to produce four haploid spores while 972	  
only one survives to form the functional megaspore (FM). In the stamen primordium, one 973	  
subepidermal cell enlarges to from the archesporial cell (AC). The archesporial cell then divides to 974	  
form one primary sporogenous cell (PS) on the inner side and one primary parietal cell (PC) towards 975	  
the outside. The primary parietal cell divides periclinally and anticlinally to generate the anther wall 976	  
that is composed of epidermis (E), endothecium (En), the middle layer (ML) and the tapetum (T), 977	  
while the primary sporogenous cell divides to give rise to the male SMCs, also called the pollen 978	  
mother cells (PMCs). Each PMC then undergoes meiosis to form four haploid microspores (MS). 979	  
During gametogenesis, the FM undergoes three rounds of mitosis and cellularization to generate the 980	  
female gametophyte that harbors two gametes: the egg cell and the central cell, accompanied with 981	  
three antipodals and two synergids. While for the male side, each microspore undergoes an 982	  
asymmetric division to give rise to a larger vegetative cell and a smaller generative cell within the 983	  
bicellular pollen grain. The generative cell divides further to produce the gametes: two sperm cells. 984	  
During double fertilization, the egg cell is fertilized by one sperm to form the zygote that will give 985	  
rise to the embryo, while the central cell fuses with the other sperm to generate the triploid 986	  
endosperm. Original drawings were made after microscopy pictures (female sporogenesis) or 987	  
inspired from Zhang et al., 2011 (male sporogenesis). 988	  
Figure 2 Chromatin dynamics in plant MMCs shows similarities to that in animal PGCs. (A) 989	  
The MMC (red contour) originates from a subepidermal somatic cell in the ovule primordium, it is 990	  
distinct from the surrounding nucellar cells by its enlarged nuclear size, as shown by whole-mount 991	  
DNA staining using propidium iodide of the early ovule primordium as described (She et al., 2013). 992	  
Scale bar: 10µm. (B) Specification of PMCs (red contour) in the anther, which are marked by the 993	  
enlarged nuclear and nucleolar size compared to the surrounding somatic cells. The anther was 994	  
stained by propidium iodide in whole-mount as described for ovule primordia (She et al., 2013). 995	  
Scale bar: 10µm. (C) Likewise in animal PGCs, plant MMCs undergo drastic changes in chromatin 996	  
modification patterns. The schemes summarize studies from She et al. (2013) and Hajkova et al. 997	  
(2008). However and by contrast, events are asynchronous in plant MMCs and are characterized by 998	  
both gain and depletion of marks, while animal PGCs at stage 10.5 show a marked depletion of all 999	  
marks analyzed (Reprinted by permission from Macmillan Publishers Ltd: Nature (Hajkova et al., 1000	  
2008), copyright (2008) and Prof. Azim Surani (The Gurdon Institute, University of Cambridge). The 1001	  
schematic images for PGCs development were modified after Ohno et al., 2013). 1002	  
Figure 3 Chromatin dynamics during male gametogenesis. This scheme summarizes cytogenetic 1003	  
and molecular profiling data suggesting large-scale chromatin dynamic events during male 1004	  
gametophyte development. Although disparate in the level of investigation and plant species 1005	  
analyzed it provides a conceptual framework, yet to be completed, for apprehending the extend and 1006	  
potential significance of chromatin dynamics during this developmental stage. In Arabidopsis, the 1007	  
microspore harbors low levels of CHH methylation at retrotransposon loci, but retains CG 1008	  
methylation. After the first mitosis, the vegetative nucleus restores CHH methylation, but undergoes 1009	  
CG demethylation at a subset of TE loci (Calarco et al., 2012). The chromatin of the vegetative cell is 1010	  
highly decondensed, mostly deprived of linker H1 (WS, CB, unpublished) and H3K9me2 (Schoft et 1011	  
al., 2009). Additionally, the somatic patterns of histone H3 variants are erased, and only a few H3 1012	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variants are retained including HTR5, HTR8 and HTR14 (Ingouff et al., 2010). Compared to that in 1013	  
somatic nuclei, the chromatin of vegetative cell in rye lost H3K4me2, H3K9ac and H3K9me2, but 1014	  
retains H3K27me3, which can be traced back to the bicellular stage (Houben et al., 2011). By 1015	  
contrast, the sperm chromatin inherits the pattern of DNA methylation from the microspore nucleus, 1016	  
with low levels of CHH methylation, and enrichment of methylated CG (Calarco et al., 2012). It 1017	  
accumulates linker histone H1.1 (WS, CB, unpublished) and H3K9me2 (Schoft et al., 2009). 1018	  
Dynamic changes in the histone H3 repertoire are also observed, with erasure of the somatic variants, 1019	  
but enrichment in HTR5, HTR10 in the sperm nucleus (Ingouff et al., 2010). In Rye it was shown 1020	  
that the sperm chromatin is enriched in H3K4me2, H3K9ac and H3K9me2 modifications, but 1021	  
depleted of H3K27me3, a state that can be traced back to the generative cell at the bicellular stage 1022	  
(Houben et al., 2011). 1023	  
Figure 4 Chromatin dynamics during female gametogenesis (1). Microscopic observation of the 1024	  
gametophytic chromatin in the developing embryo sac reveals dynamic states of chromatin 1025	  
condensation and heterochromatin formation in the absence of somatic H1s. A. Quantification of the 1026	  
nuclear volume in individual nuclei from the sporophyte (ovule integuments), megaspore mother cell 1027	  
(MMC), functional megaspore (FM), 2-, 4- and 8-nucleate embryo sacs (ANT, antipodal nuclei, 1028	  
SYN, synergid nuclei, EGG, egg cell nuclei, CC, central cell nuclei). Differences in chromatin 1029	  
condensation in the gametophytic nuclei compared to the sporophytic nuclei were statistically 1030	  
assessed using a student t-test (P values are related to the comparison with the sporophytic nuclei, 5-1031	  
10 cells/embryo sacs were analyzed for each stage). B. 3D reconstruction of 8-nucleate and mature 1032	  
embryo sacs is shown showing the differentiation of the heterochromatin phenotype in the accessory 1033	  
versus gametic cells occurring before cellularization (8 nucleate embryo sac). The mature embryo sac 1034	  
shown is fertilized (one sperm nucleus shown in blue, the second sperm nucleus is not visible on this 1035	  
partial projection). C. The GFP-tagged somatic variant H1.1 is transiently evicted in the MMC re-1036	  
evicted in the FM (She et al., 2013) and absent throughout gametophyte development. The same 1037	  
observations were made for a GFP-tagged H1.2 variant (not shown). 1038	  
Figure 5 Chromatin dynamics during female gametogenesis (2). This scheme summarizes mostly 1039	  
cytogenetic and GFP reporter protein analyses suggesting large-scale chromatin dynamic events 1040	  
during female gametophyte development. Although genome-wide, molecular profiling of the 1041	  
chromatin state is currently missing, these data provide, like for Figure 3, a conceptual framework for 1042	  
apprehending the extend and potential significance of chromatin dynamics during this developmental 1043	  
stage. Following cellularization, a dimorphic chromatin landscapes are established between the egg 1044	  
cell and the central cell. The central cell chromatin harbors a decondensed chromatin with a low 1045	  
heterochromatin content, correlating with low levels of H3K9me2 and the H3K27me3 reader protein 1046	  
LHP1, but is enriched in active PolII (Ser2 phosphorylated PolII) allowing for active transcription 1047	  
(Pillot et al., 2010). The notable absence of DNA methyltransferases and the presence of the DNA 1048	  
glycosylase DEMETER catalyzing DNA methylation suggest a hypomethylated genome. By 1049	  
contrast, the egg cell harbors heterochromatin foci, though not as prominently as in somatic nuclei 1050	  
(Figure 4) and high levels of H3K9me2 and LHP1, but undetectable levels of PolII, suggesting a 1051	  
repressed transcriptional state. Somatic histone variants are depleted from both gametes, with only 1052	  
HTR3, HTR8 and HTR14 retained in the central cell and HTR5 in the egg cell. The model for 1053	  
dynamic changes of CG and CHH methylation is speculative, and is inferred from the analysis of 1054	  
DNA methylation in the endosperm and embryo (Hsieh et al., 2009, Ibarra et al., 2012), as well as the 1055	  
differential expression of DNA methyltransferases between the central cell and egg cell (Jullien et al., 1056	  
2012). The epigenetic dimorphism concerning heterochromatin content, H3K9me2 and LHP1 seems 1057	  
established just after cellularization. 1058	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